Introduction {#s0001}
============

Root filling is the final step of the classic triad of endodontics that includes instrumentation, disinfection, and obturation. Effective endodontic treatment is mainly served by complete debridement of the root canal system, eradication of pathogenic microorganisms, and comprehensive filling of the canal space.[@cit0001] Filling or obturation of the canal space is of paramount significance to prevent the entrance of bacteria from the oral environment, preclude coronal leakage, and avoid fluid accumulation.[@cit0001],[@cit0002] Hence, filling materials should accomplish a whole sealing, adaptation, and adhesion to the root canal wall. The association of a core filling material with a root canal sealer is considered as a typical procedure in endodontic obturation because the core material cannot directly attach to the dentin surface.[@cit0003] The principal role of the core material is to passively fill the instrumented space and to serve as a piston for pressing the sealer one peripherally. Although many materials have been proposed as core fillings, gutta-percha has remained the material of choice for over a century and it is currently the standard of reference.[@cit0001],[@cit0004]

Gutta-percha points consist of about 80% zinc oxide and some 20% beta-phase gutta-percha with a minute amount of coloring and softening agents.[@cit0001] One important aspect that might severely compromise a proper seal is the shrinkage of backfill gutta-percha, with subsequent formation of irregularities and voids. Hence, a worthy sealer should be able to infiltrate deep into the dentinal tubules, fill formed irregularities, prevent percolation of fluids between gutta-percha and dentinal walls, and resist exterior microleakage of filling materials.[@cit0001],[@cit0005],[@cit0006] The ability of a sealer to resist apical microleakage through the entire thickness is called "sealing ability."[@cit0007] Contact between gutta-percha and a sealer or between sealer and dentin cause contamination of root canals by oral bacteria, which can survive, propagate, and re-infect the surrounding tissues.[@cit0007],[@cit0008] For efficient root canal sealers, their leachable and biodegradable fractions should not exert an irritating effect on the peri-radicular tissues of the root canal system.[@cit0009] Therefore, the pattern of tissue reaction and the inflammatory response towards an employed sealer are crucial to evaluate expected complications.[@cit0010],[@cit0011] The term "biocompatibility" is currently used to describe the tissue response to a sealing material. A biocompatible sealer is one that is able to exhibit an appropriate host response within a specific application.[@cit0009] To sum up, there is a pressing need to evaluate the sealing ability and biocompatibility of a developed root sealer to assess its potential effectiveness in the clinical arena.

Due to leaching of their paraformaldehyde content, some of the currently used synthetic root canal sealers have induced irritation, toxicity, inflammatory modulation, and apical tissue degeneration.[@cit0012] Propolis has been suggested to meet the necessities of a satisfactory sealer such as antimicrobial, anti-inflammatory, antioxidant, analgesic, and immuno-stimulating activities, as well as its success in enhancing regeneration of soft tissue.[@cit0013],[@cit0014] Moreover, Kuropatnicki et al reported the ability of propolis to induce hard tissue formation and promote bone regeneration.[@cit0015] Thus, Egyptian propolis (honey glue) was extracted in our studies to obtain a remarkable bioactive resinous mixture (ProE) as a nature-based sealer.[@cit0016]

Due to the ability of bacteria to infiltrate, penetrate, and infect dentinal tubules, classical carriers of antimicrobial agents cannot get access to eradicate such deep infection.[@cit0008],[@cit0017] The penetration capability of an endodontic material to dentinal tubules is controlled by the size of the tubules, the number of the tubules, particle size, and setting reaction of the material.[@cit0018] At the pulpal wall, the diameter of dentinal tubules ranges from 2.0 to 3.2 μm with the smallest ones being about 500 nm.[@cit0019],[@cit0020] The number of tubules varies according to their location; the average density of tubules is greatest in cervical dentin while these in radicular dentin display a significant reduction in number. Only materials with particle size smaller than the tubules' diameter can penetrate.[@cit0018]

Nanotechnology, which deals with objects of nanometer size, has different applications in clinical dentistry. Nanoparticle applications have been presented as medication, as additives within sealers/restorative materials, or in irrigation solutions.[@cit0021] Other applications of nanoparticles, such as antibacterial activity,[@cit0022] reinforcement of composites,[@cit0023] anti-biofilm properties,[@cit0024] and biomimetic purposes,[@cit0025] were studied. In endodontics, the application of nanoparticles has been primarily dedicated to the amalgamation of nanocomposites with different endodontic sealers. Silver nanoparticles have been studied for their use as an endodontic irrigator due to their high antimicrobial activity.[@cit0026] Heid et al had reported the incorporation of nanometric bioactive glasses into a commercially available epoxy-resin root canal sealer.[@cit0027] In a similar manner, other conventional endodontic sealers were combined with silver and chitosan nanoparticles to study their antimicrobial effectiveness.[@cit0028] The effectiveness of calcium- and zinc-doped NPs in facilitating remineralization and reducing the permeability of dentin after endodontic treatment was evaluated.[@cit0029]

Nanotechnology was applied in our aforementioned study to enhance the physicochemical properties of ProE, improve its penetration ability, and optimize its manipulation. Polymeric PLGA-based nanoparticles (NPs) were loaded with ProE to serve as nanocarrier (ProE-loaded NPs). Nanoparticles by virtue of their size can penetrate into complex anatomies and there they can deliver entrapped active agents.[@cit0017] Therefore, the inherent value of ProE-based sealer and ProE-loaded NPs as nanosealer was primarily highlighted as potential endodontic materials. The previously obtained outcomes of our developed sealers, such as prolonged release and accepted in vitro cytocompatibility as well as antimicrobial activity, encouraged us to extend their evaluation to the current appraisal study.

Hence, the aim of the present work was to extrapolate the examination of the developed ProE-based sealer (PE sealer) and nanosealer (PE nanosealer) to involve sealing ability and in vivo biocompatibility. To determine the appropriateness of the developed sealers in the clinical arena, the potential benefits should be balanced against the complications. For more accurate, realistic, and unbiased judgment, the benchmark standard was used and the currently approved sealer was used as the model sealer for comparing results.

Methodology {#s0002}
===========

Materials {#s0002-s2001}
---------

The following chemicals were used: Egyptian propolis (Mansoura, Province of Dakhahlia, Delta, Egypt), PDLGA^®^5010 (DL-lactide/glycolide 50/50, 153 KDa, Corbion, Amsterdam, the Netherlands), trehalose dihydrate (Sisco Research Laboratories Pvt Ltd, Mumbai, India), polyvinyl alcohol (PVA, 14 kDa, BDH, USA), hydroxypropyl methylcellulose (HPMC), Carbopol 940 (Colorcon Ltd, Orpington, UK), methylene blue (MB) (Sigma-Aldrich, St Louis, Missouri, USA), AH Plus^®^ as a model of approved root canal sealers (Dentsply De Trey GmbH, Konstanz, Germany), nitric acid 69% extra pure, and thymol (Alpha Chemika, Mumbai, India), and anti-PCNA primary antibody (PC10) (Santa Cruz Biotechnology, Inc., Santa Cruz, California, USA). All other solvents and chemicals were of analytical grades.

Preparation of Root Canal Sealers {#s0002-s2002}
---------------------------------

Samples of Egyptian propolis were collected from Dakhahlia province (Delta, Egypt) in April. The samples were extracted in the form of dried ethanolic extract (ProE). Then, ProE-loaded NPs were prepared using the nanoprecipitation method. Concisely, ProE (0.5%) and PDLGA (0.6%) were dissolved in 10 mL acetone to form an organic phase, that then was added dropwise to 40 mL of a stabilizer aqueous phase (2% PVA). After that, the obtained dispersion was subjected to sonication followed by solvent evaporation and centrifugation. NPs pellets were collected and lyophilized at −80°C using trehalose (5% w/v) to serve as a cryoprotectant. NPs-based root canal sealer (PE nanosealer) was prepared by incorporating ProE-loaded NPs in a gelling system of Carbopol 940 and HPMC K4M (0.6%:0.4% w/w). On the other hand, PE sealer was composed of ProE without extra treatment. For the model sealer, it is known as a past-paste system that delivered in two tubes. Paste A or epoxide paste contains di-epoxide, while 1-adamantane amine, N,N'-dibenzyl-5-oxa-nonandiamine-1,9, and TCD-diamine are the ingredients of amine paste (paste B). Both pastes were mixed according to the manufacturer's instructions to prepare the model sealer. Sealers were freshly prepared under aseptic conditions just prior to application. Full details of propolis extraction, preparation of ProE-loaded NPs, and fabrication of sealers were extensively described in our aforementioned study.[@cit0016]

Evaluation of Sealing Ability {#s0002-s2003}
-----------------------------

### Sample Collection and Preparation {#s0002-s2003-s3001}

Sealing ability was evaluated using a modified method of Sinhal et al.[@cit0030] Ethical approval (Code No. M13120219) of the study was obtained from the Research and Ethics Committee at the Faculty of Dentistry, Mansoura University. Forty-eight freshly extracted human single-rooted teeth (maxillary anterior teeth) were collected from fully informed patients. All patients provided informed consent for their extracted teeth to be used for research. To preclude the effect of dentinal sclerosis that changes with age and disease, the inclusion criteria of patients were male type I-diabetic subjects from 45 to 50 years old.[@cit0031],[@cit0032] Teeth with fractures, cracks, and caries, and previously restored, immature apices/root resorption, multiple canals, curvatures, and calcified canals were excluded. Soft tissues and calculus were removed by the aid of 5.25% sodium hypochlorite (NaOCl) and ultrasonic scaler (Varios 550, NSK, Nakanishi, Japan), respectively. Solutions of NaOCl were dilutions prepared from commercial preparations of Clorox bleach (Clorox Co., Oakland, CA, USA). After that, teeth were kept in 0.1% thymol solution at room temperature until use. Teeth were decoronated with a diamond disk (NTI^®^ Interflex, Kerr, USA) to a fixed root length of 16 mm (digital Vernier caliper, Mitutoyo, model 500--144B, Tokyo, Japan), and the pulp tissues were removed with a barbed broach. To ensure patency, a size 10 K type file (MANI, Tokyo, Japan) was introduced into each root canal using a small back-and-forth motion. At that point, roots were instrumented with Revo-S™ (Micro-Mega, Besançon, France) in the following sequence; SC1, SC2, SU, AS30, AS35, and AS40 taper 0.06. The specimens were irrigated with NaOCl (2.6%) after each file followed by rinsing with EDTA (17%) and sterile water. Finally, the root canals were dried with a paper point.

### Samples Grouping {#s0002-s2003-s3002}

The total sample size of forty-eight teeth (12 in each group) with an effect size of 0.5 was sufficient to acquire a power of 0.8 and a significance level of 0.05. The sample size was calculated using open source software (Gpower software 3.1, Universidad Düsseldorf, Düsseldorf, Germany). The prepared specimens were divided randomly into four groups; three treated groups and one control group. The teeth of the control group (Control) were enlarged, but not root-filled. The prepared root canals of the treated groups; Group I, Group II, and Group III were filled with PE sealer, PE nanosealer and the model sealer, respectively. Cold lateral condensation by size 40, 0.06 tapered (DiaDent, Seoul, Korea), and size 20, 0.02 tapered gutta-percha (Meta Biomed, Chungcheongbuk-do, Korea) was used as the root filling technique. After placement and condensation, the excess of gutta-percha was removed to the level of canal orifice by application of heat. All specimens were prepared and filled by the same operator. Also, the same number of secondary gutta-percha cones were used in the cold lateral condensation.

### Apical Microleakage Evaluation by Dye Extraction Method {#s0002-s2003-s3003}

To allow setting of the sealer, the specimens were stored at 37°C and 100% humidity in an incubator for 24 hours.[@cit0033] Then, the specimens with the exception of the first apical millimeter were coated with a layer of transparent nail varnish (RUNWAY, Egypt). The teeth were dipped in a preformulated aqueous solution of methylene blue (MB) at a concentration of 2% w/v. In a vacuum chamber (Heraeus, Liederkerke, Belgium), the teeth were kept under reduced pressure for 15 min to allow penetration of MB to unsealed voids and gapes. The specimens were then thoroughly rinsed with phosphate buffer saline pH 7.4 (PBS) to remove excess dye. Each tooth was transferred into a screw-capped glass tube containing 65% nitric acid and left for three days to allow complete dissolution. After that, the tubes were centrifuged at 10,000 rpm for 30 min to separate teeth debris from the extracted dye.[@cit0034] The absorbance of the extracted dye in the supernatant was analyzed spectrophotometrically at 550 nm using concentrated nitric acid as a blank. Higher absorbance values mean more unsealed tubules, pores, and cavities were present in the root canal, which could be interpreted as lower sealing ability of the tested material and vice versa.

In vivo Biocompatibility Study {#s0002-s2004}
------------------------------

Our study protocol was reviewed and approved by the Research and Ethics Committee at the Faculty of Dentistry, Mansoura University that approved the protocols regarding animal experiments in accordance with "the Principles of Laboratory Animal Care" (NIH publication, 1985 revision). Twenty adult male Wistar albino rats with an average body weight of 180--200 g were used in this study. The sample size calculation was based on a previous study reported by Meneses et al.[@cit0035] For each sealer, five animals were required per time point to provide reliable results with a statistical power of 80% and a significance level of 5% (Gpower software 3.1). Rats were housed in cages, labeled numerically, and kept in a well-ventilated animal house. Room temperature and humidity were maintained at 23°C and 60%, respectively, with normal photoperiod (12 h dark and 12 h light). The animals were fed with dry rat pellets and allowed drinking water ad libitum throughout the study period. Forty sterile clear polyethylene tubes (Well Lead Medical Co. Ltd, China) with 1.3 mm inner diameter and 10 mm length were divided into four groups (ten tubes/group). Each group was filled with a particular sealer to represent it. The first three tens were filled with PE sealer, PE nanosealer and the model sealer to designate Group I, Group II, and Group III, respectively. The last set of tubes was left empty to serve as a control (Control Group).

### Surgical Procedures {#s0002-s2004-s3001}

Surgical procedures according to the method reported by Minotti et al were followed.[@cit0036] After a one-week acclimatization period to the new laboratory environment, the animals were divided randomly into two equal sets. Animals were anesthetized by an intramuscular (IM) injection of 0.08 mL/kg ketamine and 0.04 mL/kg xylazine chloride (2%). The dorsum of each animal was shaved and rubbed with gauze soaked in 3% alcohol-iodine (Natural Herba Kings, Heckmondwike, England). In a head-to-tail orientation, a \# 15 scalpel blade (Swann-Morton, Sheffield, England) was used to make two incisions (2 cm/each) with a separating distance of 1.6 cm. Subcutaneous tissue under each incision was dissected laterally with a blunt-end scissor to generate a pocket. One polyethylene tube was inserted as an implant in each pocket using surgical forceps, so that each animal received two implants of different sealers. The tubes of Group I and Group III were implanted in the first set of animals and the other set received the tubes of Group II and Control Group. This assignment of groups was followed to allow more facilitation and to standardize the number of sacrificed animals per time period. The incisions were sutured using mononylon stitch (0--4). To diminish the risk of infection, IM injection of penicillin (40,000 IU/mL, 1 mL/kg) was continued for 3 days postoperatively.[@cit0036],[@cit0037] Animals were clinically observed daily for any signs of infection and were maintained on their regular diets.

### Specimens Collection and Tissues Preparation {#s0002-s2004-s3002}

Two and four weeks postoperatively, ten animals were sacrificed with an overdose of anesthetics, and their death was confirmed by cervical dislocation. Hair was shaved and incisions with a safety margin of 1 cm were made to remove the tubes with the surrounding tissues. Immediately, the specimens were fixed in a 10% buffered formaldehyde for 48 hours. After that, formalin-fixed specimens were dehydrated in ascending concentrations of ethyl alcohol, cleared in xylene, and then embedded in paraffin. Each block was sectioned using a microtome (Leica RM 2025, Nussloch, Baden-Wurttemberg, Germany) and five serial sections (5μm thick) were obtained.

### Histologic and Immunohistochemical (IHC) Studies {#s0002-s2004-s3003}

For conventional histological assessment, one set of sections was picked up on slides, deparaffinized, and stained with hematoxylin and eosin (H&E).[@cit0038] Other representative sections were prepared for IHC studies to assess the expression of proliferating cell nuclear antigen (PCNA) using the avidin-biotin complex (ABC) detecting method. The sections of IHC were deparaffinized by xylene and dehydrated through a descending series of ethanol concentrations. Then, the sections were washed with Tris-buffered saline (TBS; pH 7.4) and incubated in 0.3% H~2~O~2~ at room temperature for 30 min to block the activity of endogenous peroxidase. Antigen retrieval was performed according to the manufacture instructions. Slides were placed in 100 µL blocking solution (Abcam) for 30 minutes at room temperature. The sections were incubated with primary monoclonal antibodies at dilution 1:300 at 4ºC overnight. They were washed in PBS and incubated with secondary biotinylated antibody (anti-mouse) in blocking buffer for 1 hour at room temperature in a humidified chamber. To perform peroxidase visualization, the sections were incubated in ABC solution for 1 hour at room temperature. Color reaction was then developed by adding DAB solution (0.5 mg/mL DAB and 0.1% H~2~O) onto the sections. When the color reaction was satisfactory, it was stopped by rinsing with water for 5--10 minutes and the sections were counterstained with hematoxylin for 2 minutes. After that, the sections were gradually dehydrated and mounted with coverslips.

The slides were inspected and images were captured with a digital color CCD camera (Olympus, DP73, Tokyo, Japan) mounted on a light microscope (Olympus BX53, Tokyo, Japan). For IHC, the presence of brown-colored reaction localized in the nucleus was considered as positive PCNA reaction. The intensity of the immunostaining was classified as negative, weak, moderate, or strong from three fields in a blinded analysis performed by two experienced research associates. Immunostained images were further analyzed by ImageJ analysis (NIH, Bethesda, MD, USA) to quantitatively determine levels of PCNA expression in different groups.

Statistical Analysis {#s0002-s2005}
--------------------

All measurement data were presented as mean ± standard deviation (SD). GraphPad Prism 6 software (San Diego, USA) was used for the statistical analysis. Gaussian assumption was checked via pretesting the normality of the data using the Shapiro--Wilk normality test. One-way analysis of variance (ANOVA) with Tukey--Kramer multiple comparison tests at a significance level of *P* \< 0.05 were used to reveal statistical difference among groups.

Results and Discussion {#s0003}
======================

Evaluation of Sealing Ability {#s0003-s2001}
-----------------------------

Complete sealing of root canal is essential to obtain a fluid-tight seal which in turn results in the success of endodontic therapy. Endodontic failure is caused mainly by apical leakage which is affected by many factors such as physical and chemical properties of root canal sealer in addition to the applied filling technique.[@cit0039] Moreover, shrinkage, overfilling, or stripping of gutta-percha from the carrier can result in negative impacts on the endodontic treatment.[@cit0006],[@cit0040] In recent decades, new materials have been introduced as root canal sealers. However, the different outcomes have demonstrated that so far no ideal sealing material has been achieved. Accepted sealers should provide optimal sealing ability, easy manipulation, biocompatibility, and ability of osteogenesis induction. Hence, apical leakage or sealing ability of a root sealer should be evaluated to assess its potential effectiveness if it is designed to be applied clinically.[@cit0041]

Different in vitro sealing ability tests have been reported in the literature. Methods such as bacterial penetration, isotopes, and electromechanical means could serve as the qualitative assessment of sealing ability. For more representative and quantitative measurement of microleakage, dye-penetration, dye-extraction, and fluid-infiltration techniques have been used.[@cit0042] Due to the smaller size of dye molecules than the size of bacteria, the dye-penetration technique is not able to assess the exact volume of dye absorbed by a sample tooth. Instead, the dye-penetration technique merely measures the deepest point reached by the dye. In the fluid-infiltration technique, the filtration values have a habit to lessen over time as water penetrates all the irregularities till a plateau is gotten. In the dye-extraction-based technique, the whole tooth is dissolved in a concentrated acid. Complete dissolution of teeth guarantees release and extraction of all dye including that penetrating unsealed irregularities, the deepest and smallest dentinal tubules.[@cit0030],[@cit0033],[@cit0041],[@cit0042] The dye-extraction method is found to be a reliable, simple, widely used passive technique for volumetric determination of sealing ability.[@cit0042],[@cit0043] The capillarity principle is of great significance in the dye-extraction method for assessing apical leakage. Hence, the dye-extraction method was selected to be used in the present study. MB is a phenothiazinium compound that has been approved by the US Food and Drug Authority for broad applications. It is a cationic water-soluble, simple, available, and convenient dye with a molecular size of 0.84 nm.[@cit0044] As a tooth is immersed in MB aqueous solution, dye molecules can freely penetrate through the smallest dentinal tubules to fill all spaces between the dentinal walls and root canal sealer.[@cit0030],[@cit0042]

[Figure 1](#f0001){ref-type="fig"} shows the absorbance values of the dye extracted from the control and treated groups. It was understandable that Control Group exhibited the lowest value of sealing ability (absorbance of 0.6703 ± 0.18 at 550 nm) due to the lack of sealer application. The root-filled groups showed absorbance values of 0.6588 ± 0.37, 0.3391 ± 0.15, and 0.2048 ± 0.1 for Group I, Group II, and Group III, respectively. Statistical analysis of the abovementioned results showed that Group II and Group III had comparable sealing abilities accompanied by a minimal degree of microleakage (*P* \> 0.05). As the model sealer is considered as a benchmark "Gold Standard,"[@cit0045] such analogous sealing ability of our developed PE nanosealer has indicated a noteworthy potential role of it in the field of endodontics. It is significant for a proper sealer to reach the smallest dentinal tubules that ranged from 500 nm to 1 μm.[@cit0019] PE nanosealer could meet this condition due to its nanosized particles of about 200 nm (data shown in our previous study).[@cit0016] Such nanosize might permit efficient penetration of PE nanosealer to fill the lateral microcanals over the dentinal walls. Moreover, hydrophobicity and slow degradability of PDLGA could afford more resistance of PE nanosealer to dissolve or leak after application. However, the sealing ability of the model sealer could be attributed to its ability to mechanically interlock the root dentin and its penetration into the micro-irregularities in dentinal walls of the root canal.[@cit0033] On the other hand, the PE sealer exhibited significantly lower sealing ability than those of the PE nanosealer (*P* \< 0.01) and the model sealer (*P* \< 0.001), as shown in [Figure 1](#f0001){ref-type="fig"}. At the same time, the PE sealer exhibited a comparable sealing ability to that of Control (*P* \> 0.05). The sealing ability of Control Group was significantly lower than the corresponding values of Group II (*P* \< 0.01) and Group III (*P* \< 0.001). Weak sealing ability of PE sealer could be attributed to the fact that its application was relatively constrained by the sticky nature of ProE (honey glue). Hence, a special applicator with programmed temperature is suggested to be designed to facilitate its application in the future. During the experiment, some sort of PE sealer macroleakage associated with marked teeth staining was actually noticed after the incubation step. Such findings might be responsible for its trivial sealing ability. Superior qualities, rapid and clean mixing associated with good handling capabilities of PE nanosealer over PE sealer have indicated the outstanding profits of nanotechnology. Hence, the PE nanosealer deserves to undergo further assessment and could, later on, be a potential novel nature-based root canal nanosealer.Figure 1Absorbance values of MB extracted from Control Group (non-root-filled teeth), Group I (PE sealer), Group II (PE nanosealer) and Group III (the model sealer).**Notes:** \*\*Means significant difference at *P* \< 0.01; \*\*\*means significant difference at *P* \< 0.001; ns means non-significant difference at *P* \> 0.05.**Abbreviation:** MB, methylene blue.

In vivo Biocompatibility Study {#s0003-s2002}
------------------------------

To perform satisfactorily during years of service, root sealers must not produce abnormal responses in periapical tissues and should not induce toxic or carcinogenic properties, either locally or systemically. One of the most reliable in vivo methods to evaluate the biocompatibility of root canal sealers is the subcutaneous surgical implantation of the sealer material in animals.[@cit0046],[@cit0047] Albino rats of Wistar strain were used in the present study because of their availability, easy handling, less sensitivity to infection after surgery, being economically viable, and presenting an acceptable model for determining biocompatibility of materials.[@cit0048] To ensure standardization and similarity to the clinical situation, polyethylene tubes were used in this study. These tubes are known to be neutral and efficiently put the examined materials in contact with the surrounding tissues. Hence, this technique allowed us to simulate the responses that occur in the periapical region after the obturation of root canals.[@cit0037],[@cit0047] Rats of the current study were found to be healthy throughout the experimental periods and seemed to tolerate the anesthesia and surgical procedure. Examination of the wound site on the dorsal surface of all rats revealed that Group II, Group III, and Control Group showed satisfactory wound healing and lacked obvious signs of infection at the site of the wound throughout the two experimental periods. However, in Group I there was an apparent edematous area at the site of wound healing four weeks postoperatively.

### Histological Findings {#s0003-s2002-s3001}

[Figure 2](#f0002){ref-type="fig"} illustrates H&E stained sections two weeks postoperatively of Group I (A), Group II (B), Group III (C), and Control Group (D). Histological sections of the tubes and the surrounding tissues from different groups revealed variable degrees of healing and formation of a fibrocellular capsule juxtaposed to the polyethylene tubes. In Group I, the formed capsule was relatively thin and contained some collagen fibers and fibroblasts along with several interstitial spaces ([Figure 2A](#f0002){ref-type="fig"}). For Group II, there was dense fibrous connective tissue rich in fibroblasts and collagen fibers which appeared thicker and more organized than in Group I ([Figure 2B](#f0002){ref-type="fig"}). These results denoted that the PE nanosealer promoted more advanced healing degree than the PE sealer. This outcome could be explained by the ability of ProE-loaded NPs to deliver ProE at the wound site and to target the complexity of the normal wound healing process more efficiently than their original counterpart (ProE).[@cit0049] Both Group I and Group II disclosed a few inflammatory cells close to the tubes. This mild inflammatory reaction probably originated from the surgical trauma.[@cit0050] On the other hand, Group III displayed fibrous connective tissue formation with thick collagen fibers and few fibroblasts. Macrophage/multinucleated giant cells were more evident adjacent to Group III tubes than other groups ([Figure 2C](#f0002){ref-type="fig"}). These results are comparable with that of Batista et al[@cit0051] and Grecca et al[@cit0037] who stated that the model sealer was more aggressive during the initial periods of contact with connective tissues than the other tested materials and this aggression might be reduced over time. In Control Group, a thin connective tissue capsule formed of thin collagen fibers, few fibroblasts, and many interstitial spaces was obvious nearby the empty tube ([Figure 2D](#f0002){ref-type="fig"}). The perceived inflammatory reaction adjacent to an empty polyethylene tube could indicate its suitability as a control.[@cit0052]Figure 2Histologic evaluation of in vivo biocompatibility after two weeks of subcutaneous implantation in rats.**Notes:** (**A**) Group I, (**B**) Group II, (**C**) Group III, and (**D**) Control. Black arrows point to multinucleated giant cells. Blue arrows point to collagen fibers. Green arrows point to inflammatory cells. PT points to the area of polyethylene tube implant. Yellow arrows point to fibroblasts. H&E, 400×.**Abbreviation:** H&E, hematoxylin and eosin.

[Figure 3](#f0003){ref-type="fig"} illustrates H&E stained sections four weeks postoperatively of Group I (A), Group II (B), Group III (C), and Control Group (D). Group I showed a network of loosely arranged collagen fiber and several fibroblasts. Severe inflammatory cell infiltration and vascular congestion were evident adjacent to Group I tubes ([Figure 3A](#f0003){ref-type="fig"}). These histological findings could explain the noticeable edematous area of Group I at the site of the wound. This could indicate that the tissues became no longer able to tolerate the PE sealer. Similar outcomes were reported by Jolly et al.[@cit0053] On the other hand, some scholars pointed out that propolis could lead to normal tissue reorganization without increased vascular or cellular events.[@cit0054],[@cit0055] Also, Ramous et al verified low periapical tissue responses towards propolis paste.[@cit0056] The influence of geographical position, bee species, harvesting season, and botanical origin on the composition of propolis could be responsible for the variation of bioactivity and biocompatibility.[@cit0057],[@cit0058]Figure 3Histologic evaluation of in vivo biocompatibility after four weeks of subcutaneous implantation in rats.**Notes:** (**A**) Group I, (**B**) Group II, (**C**) Group III, and (**D**) Control. Asterisk points to vascular congestion. Green arrows point to inflammatory cells. PT points to the area of polyethylene tube implant. Red arrows point to blood capillaries. H&E, 400×.**Abbreviation:** H&E, hematoxylin and eosin.

Interestingly, Group II revealed properly organized thick fibrous vascularized connective tissue with denser bundles of collagen fibers and several elongated fibroblasts. There was a mild inflammatory reaction and a minimal amount of inflammatory cells appeared in close proximity to PE nanosealer tubes ([Figure 3B](#f0003){ref-type="fig"}). This observation was considered as a proof of acceptable tissue tolerance towards this material. These findings are in the agreement with Elgendy and Fayyad who proved that milling-induced propolis nanoparticles were less cytotoxic and induced less apoptotic changes than propolis in its original untreated form.[@cit0059] On the other hand, Group III showed an apparent disorganized collagen fiber network with fibroblasts, moderate inflammatory cell infiltration, and discrete angiogenesis ([Figure 3C](#f0003){ref-type="fig"}). It indicated that the model sealer had extended its early noticed aggressive effect to the second time period. Control Group showed fibrous connective tissue with organized collagen fibers and fibroblasts of various sizes and some interstitial spaces were still noticeable. The fibrous connective tissue deposition in Control Group appeared to have a slower rate than those of other groups ([Figure 3D](#f0003){ref-type="fig"}).

### PCNA IHC {#s0003-s2002-s3002}

PCNA is a ubiquitous cell cycle marker protein that plays an essential role in DNA replication, DNA repair, cell cycle progression, and cell proliferation.[@cit0060] Different patterns of PCNA staining are believed to correlate with phases of the cell cycles. Therefore, the intensity of positive signals generated by PCNA IHC can be related to the degree of cell proliferation.[@cit0061],[@cit0062] [Figures 4](#f0004){ref-type="fig"} and [5](#f0005){ref-type="fig"} illustrate, respectively, the IHC stained sections of Group I (A), Group II (B), Group III (C), and Control Group (D) two and four weeks postoperatively. PCNA immunoreactivity two weeks postoperatively revealed weak nuclear expression in Control Group, weak to moderate expression in Group I, moderate expression in Group III whereas stronger expression was evident in Group II ([Figure 4A](#f0004){ref-type="fig"}--[D](#f0004){ref-type="fig"}). Four weeks postoperatively displayed moderate PCNA nuclear expression in both Control group and Group I while Group II and Group III showed strong expression ([Figure 5A](#f0005){ref-type="fig"}--[D](#f0005){ref-type="fig"}).Figure 4IHC estimation of PCNA expression in rats after two weeks of subcutaneous implantation.**Notes:** (**A**) Group I shows weak to moderate expression, (**B**) Group II shows strong expression, (**C**) Group III shows moderate expression and (**D**) Control Group shows weak expression. IHC, DAB immunostain, hematoxylin as counterstain, 400×.**Abbreviations:** DAB, 1.4-dideoxy-1,4-imino-d-arabinitol; IHC, immunohistochemical; PCNA, proliferating cell nuclear antigen.Figure 5IHC estimation of PCNA expression in rats after four weeks of subcutaneous implantation.**Notes:** (**A**) Group I shows moderate expression, (**B**) Group II shows strong expression, (**C**) Group III shows strong expression and (**D**) Control Group shows moderate expression. IHC, DAB immunostain, hematoxylin as counterstain, 400×.**Abbreviations:** DAB, 1,4-dideoxy-1,4-imino-d-arabinitol; IHC, immunohistochemical; PCNA, proliferating cell nuclear antigen.

[Table 1](#t0001){ref-type="table"} documents the quantitative representation of PCNA expression and its statistical analysis two and four weeks postoperatively. The values of PCNA expression were 46 ± 6.06, 179 ± 11.46, 70.25 ± 6.55, and 29.75 ± 4.57 for Group I, Group II, Group III, and Control Group, respectively, after two weeks. It was evident that Group II demonstrated a significant increase of PCNA expression in comparison to those of Group I, Group III, and Control Group (*P* \< 0.001). Moreover, Group III showed a significant increase in its PCNA expression compared to both Group I and Control Group (*P* \< 0.001). Also, Group I exhibited significant increased PCNA expression compared to Control Group (*P* \< 0.05).Table 1Expression Levels of PCNA Two and Four Weeks Postoperatively in Different GroupsGroupsTime PeriodsTwo WeeksFour WeeksGroup IRange38--52255--410Mean ± SD46 ± 6.06^a^328 ± 70.14^n,\$,\#^Group IIRange165--193387--509Mean ± SD179 ± 11.46^b,c^461 ± 55.59^n,£^Group IIIRange62--76396--518Mean ± SD70.25 ± 6.55^b,^\*474.50 ± 53.97^n,€^**Control**Range25--35270--380Mean ± SD29.75 ± 4.57325.25 ± 56.75^n,\$^[^1][^2]

Four weeks postoperatively, Group I, Group II, Group III, and Control depicted PCNA expression levels of 328 ± 70.14, 461 ± 55.59, 474.5 ± 53.97, and 325.25 ± 56.75, respectively. The statistical analysis documented that PCNA expression of Group II and Group III was comparable (*P* \> 0.05). Also, it was found that Group II and Group III displayed significantly higher expression levels in comparison to those of Group I and Control Group (*P* \< 0.01). PCNA expression of Group I and Control Group showed a non-significant difference (*P* \> 0.05). In addition, statistical analysis demonstrated a marked significant increase of PCNA expressions in all groups four weeks postoperatively in comparison with their corresponding values after two weeks (*P* \< 0.001).

Although results of in vivo biocompatibility indicated the capability of the three tested sealers to induce cell proliferation and tissue healing, the PE nanosealer had the superior tissue proliferation potential. The biodegradable nature of PDLGA by enzymatic pathways into physiological tolerant products, lactic acids and glycolic acids, might exhibit very limited toxicity to the surrounding tissues.[@cit0063] Actually, PDLGA can provide a wide range of degradation rates from months to years and it is the most frequently applied polymer in tissue engineering.[@cit0064],[@cit0065] Moreover, it was found that ProE-loaded NPs had respectable antimicrobial activity as reported in our previous study.[@cit0016] Hence, smart ProE-loaded NPs could release the loaded ProE with a prudent and prolonged pattern without interfering with tissue healing. We must keep in our mind that the model sealer is a resin-based type in which bisphenol A diglycidyl ether has a mutagenic effect.[@cit0066],[@cit0067] As well, formaldehyde, amine, and other epoxy resins were reported to leach from this sealer to the neighboring tissues.[@cit0067]--[@cit0069] Such evidence might be the cause of the noticed aggressive effect of the model sealer towards adjacent tissues.

In the case of PE sealer, it was thought that tissues were subjected to a large amount of naked ProE at once and they were not able to tolerate it. In vitro release of ProE from its unprocessed form was found to continue as one phase, with a faster rate than that of ProE-loaded NPs (our previous study).[@cit0016] This could result in negative influences on cell proliferation and tissue regeneration during the first time period (two weeks). Depletion of PE sealer might occur after four weeks of implantation but the apparent edema in Group I indicated further tissue reaction and clear intolerance to this sealer. To sum up, it can be concluded that the nanotechnology-induced changes of the physicochemical properties of ProE were accompanied by positive aspects of its biological activity. Taking all results together, we report new evidence in favor of the use of the PE nanosealer as a nature-based root nanosealer and it deserves further investigation including clinical trials.

Conclusion {#s0004}
==========

Nature grants us with a wide range of biologically active materials. Modulating the properties of these materials enables their use as therapeutics. Propolis has antimicrobial, anti-inflammatory, antioxidant, analgesic, and tissue regeneration activities. Nanotechnology could be used to enhance the physicochemical properties of propolis, improve its penetration, and optimize its manipulation. In our studies, propolis-based nanoparticles were used to prepare an efficient root canal sealer (PE nanosealer). The attractive and reasonable outcomes of the PE nanosealer via its extensive evaluation in our previous and current studies were proven with in vitro and in vivo studies. Eventually, the PE nanosealer deserves to be produced on a large scale and to undergo further assessment via clinical trials. Currently, further studies investigating its clinical convenience are in progress.
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[^1]: **Notes:** Each value represents mean ± standard deviation, ^a^*P*\<0.05; ^b^*P*\<0.001 vs corresponding value of Control Group, ^c^*P*\<0.001 vs corresponding value of Group I. \**P*\<0.001 vs corresponding values of Group I and Group II. ^n^*P*\<0.001 vs corresponding values after two weeks. ^\$^*P*\<0.005 vs corresponding value of Group III. ^\#^*P*\>0.05 vs corresponding value of Control Group. ^€^*P*\>0.05 vs corresponding value of Group II. ^£^*P*\<0.01 vs corresponding values of Group I and Control Group.

[^2]: **Abbreviation:** PCNA; proliferating cell nuclear antigen.
